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Development of Mercury Cadmium Telluride
Avalanche Photodiodes

WANG Yi-feng, CHEN Jie, YU Lian-jie, HU Wei-min

(Kunming Institute of Physics, Kunming 650223, China)

Abstract: When an avalanche photodiode (APD) is operating at a sufficient reverse bias, the photo-

generated carriers can reach the depletion region to induce a multiplication process. The asymmetry of the

electron and hole in mercury cadmium telluride (MCT) in effective mass may result in unequal ionization

coefficients and provide a single carrier induced impact ionization process. Thus, an electronic avalanche

photodiode (EAPD) with “ideal” APD characteristics including near noiseless gain can be formed. At

abroad, the MCT/FAPD devices with high gain (∼ 7 × 103), low excess noise factor close to unity, THz

gain-bandwidth product and fast response in the level of picoseconds are fabricated for various detector

applications involving low photon numbers. The fundamental issues, device architectures, technology

development and performance of MCT/EAPD are reviewed.

Key words: infrared detector; mercury cadmium telluride; avalanche photodiode; avalanche gain; band

width; excess noise factor
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�� (MWIR, 3 ∼ 5 µm)
�� (LWIR, 8 ∼ 12 µm)

���� (VLWIR, 12 ∼ 25 µm) ������
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���� SBIRS�����"+� 

���� (10 s) [6] �����#����!#

���������$�����$��10 s �

#��������"�� "� 5�%

$! (1700 m · s−1=1.7 m · ms−1=0.0017 m · µs−1)

��%&�,��!  $,���� s '�#

ms '��"!�%!��%�" #$��

#$!$��� µs '��"!�%!��$
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2 MCT/APD NQR

APD �*��	
 pn *���&����

pn*����*���pn *�#�*�.+*

��() 1(a) (p-on-n *.��*� n-on-p *

.) �) 1(b) +Æ(/�.+*,�	�,�

+-��.�
+, (loophole/via hole) [7]pn*�

() 1(c) (p-around-n*.) +��� DRS 0.

#�� $!.+-���	� (High Density

Vertically Integrated Photodiode, HDVIP),��+

,*�

/&����� λ -�.-�� λ
c
���

�0 pn*./�1'� –&/��.-�� λ
c

�2�0���30 E
g
(eV) �4������

λc =
1.24
Eg

(µm) (1)

MCT �30 E
g
� [8]

Eg = Eg (x, T ) = −0.302 + 1.93x

+5.35 × 10−4(1 − 2x)T − 0.810x2 + 0.832x3 (2)

(a) %& pn / (b) 5. pn / (c) 0' (/&) pn /

1 1 pn /
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-�� x ������ T �1!�- (2) �	�

�1! T �2"
��� x ��6�����

7�(���- (2) �&- (1) ��'

λ
c

= (−0.244 + 1.556x + 4.31 × 10−4(1 − 2x)T

−0.65x2 + 0.671x3)−1 (3)

�- (3)���1����� x�.-�� λ
c
*

0��*#��.-�� λ
c
0����� x 0

*��	
1#2���#$���SWIR/MCT

��3�	� [9] �

/ T=77 K 
 λc=1.4 µm ��	�� MAT-

LAB "2- (3) .��	1�6�7���"�
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g

=0.91 eV��� MCT���'���	��

�#�$���302����4335	
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���
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(	�� MCT ���&/�!#����
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g
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g
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7
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��8�� [1,7] ��&�,9���;89�

3 pn Q)NSTO
#� pn *./1'�� – &/�):0

<:��-��9./��&��=�

+��**+=? (���;*+��� p@3

	<�;?�� n @3	<�>?) �� pn

*2��	�;.��(.�&/�<!8�

10−4 cm ��<34�"34;�&�=3


>==�>=3���>/!�? 104 ∼ 106

V ·cm−1 �() 2 +�>=3��� APD !0

��@	�

1 2 pn /?@>:

1 3 APD ?A?:B1A:AB;:
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;�%: [10] �(/� – &/�'��A�>

=3�%��56��0>=3>��9

��0C �:������B!	1�

B�:�>=39�2������<���

:�A�>=3D����D<�����

�.�?6B��() 2 +�

!$ pn *�*+�?+�	DC-�**

-��!+�*+��**-?;$%*�

���*+;� (��) DE? (V
bd

) ��;�

��:��DE?�A����8�� [13]�

@-�E�>=3��7�	��E�2

�0EF	'<C��7��DE?2��(

/G>=3�&	�)�*�2�030��

��56���EF<C�H�)����

�	�2�06����5		���4

3D=
�3
���43>�	�&/���

1'	�� – &/���
!7;�<C

��<C�1'�I�@-��>=3/
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	?FE<CEF�1'JK�@-���!�

*����@-�+%<����� APD ��

� [14-16]

�� MCT<C�����8

6�@!GALEB@���HC
 MCT �)

3*.!$�9?�����<�(	�

*+	F� mV �'��#��DE?

*'K (�)�I@M) [7] �=�2�0��

�300F�DE?�0� [17] ���DE

?��F30 MCT/ pn *	A�)B>C*�

9���)1'$*�D-�GD�	FE

F�$-�
#K���*-�*+	%!�

�<� [7] �$���
'JNO�3�*+

�-� 8 V [7] ��89�����	1�

MCT/APD�*+	FP #-�DE?��

(��� Sofradir0.	�� APD���*+)

� 10 V [14] �	��>=3�30K-
 0.3 eV

HI������*+�%! G > 100 [7] �

+,*.���'LJ"$Q�DE!"
[15] �(���
�*G�RD�DE?	9�

�H�LJIK��EG���95���

	��7�JEG�1'K# � [18] ���F

��� (VPE) 
��F�� (MBE) �M��(

F��� (MOVPE)���'��H��%!

EF�K= APD *.�����$ ���G

G�K�)?&	*+%*
DE�7! [7] �

>=3��>/!�	��&��=�

��S���@-��&>=3��	���

��>���%?<C���	:)�@-

��L�H�$! vs LT
[17] �������

�34;�H�3�H��&+%3��!��

-*�@-��H�3�&+%3��7;�

�&�p-around-n,+IU*.�����&
[10] �) 3 ��@-����N�
 APD �R

���34�(/��I��>=3�MIH�

3�+%3Æ(/��3��(��2�7�>

=3��+%3�

�M>=3�J! W �L�H�$! v
s
�

��I+>=3��H������	���"

�+� [19] �J W =10 µm � vs = 107 cm · s−1 �

&H����

τt =
W

v
s

=
10 × 10−4

107
= 10−10s

= 100 × 10−12s = 100ps

��J�L�H�$!���>=3J!� 2

µm �&H���� τ
t
=20 ps �N$�8��

O�H����&">=3=�)F����

>=3CFO?���./���K4��K

���<K�

H����V�*0�+5
3J�K%

�������3J�A�0-�

f =
1

2τ
t

[19]

, f =
2.4
2πτ

t

[17]

, f =
2.2
2πτ

t

[1]

(4)

��1���(��'��	9��B�30�

��=8>�
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3J*L
�����$!�N� MCT/

EAPD��=�K �9��"N6:-�

��LT��B�IM��W EAPD �3JC

*�@!GALE�3J*� 2 GHz [10] ��

� [20]O�� 4 µm �LT��� 77 K ���L

4 0.5 GHz �3J��*+ MCT/EAPD ��%

!3� THz '3J� %: [21] �

(/��3J"� pn* (�	�) �&1

�# (Unit Cell Size)-���JA�O�3

"�N1�# (Pixel Size)�56��	��$-

��	�&1.�	�*-�N1�/� N×N

PL��-	2P'( 3J��� [40] ��

���= N×N��	�9M
O�3�M&

X�B�	�N��O�3J+�

" (�JAHC�N3Q
�	#) �56�


9M�-��?K�N1�70")�

(��%:3J# (Gain-Band-Width Produc-

tion, GBW) �	�:����ORL APD

��MO�(�NO!��C>����3

JO� [17] �

2�0���IKP!	F� 1014 ∼ 1018

cm−3 �'����& 1014 cm−3 ��LP��

@-�P!��& 1018 cm−3 ��IK��@-

�P!�>=3���LP��K*P!O


∼ 1015 cm−3 [22] �K*P!-� 1014 cm−3 �2

�0����9��$2�0 [22] �

��%Q� APD����
�GD -@�

	F�� pn *��"	<���IK��

IK?�9��34��>=3J!)'6:

F [23] 9+*��IK��	< [22] �30


MCT/EAPD ����� p @3���IK�

��)K��PQ�9$(�)K���<

K���9� ��%:��)-�)?C

*���%?Q*+ (Debias) [7] � n @IK�=

�)���QR3�REÆ>=3�J! (8�

� n @3�J!) �"���PD��#L2N

7 (2 ∼ 4 µm) � MWIR/EAPD " n 3IKP

!-� 5× 1014 cm−3 Æ LWIR/EAPD" n 3I

KP!-� 2× 1014 cm−3 �K*P!0����

@-��C K�0��*N0-�R-�

0-���$!(�0 ��%Q�%!�P

! n @IK9�N3 [7] ��� MOVPE 	��

���./3�	�!�����9�� ��

x �����<@-�ML�� p @IK�

)C� [7] �

MCT/EAPD ���./��!� p @��

3��1'4�@-�����	#	1�+

,��*.�)9�!$�9���?��0 n

@3� p @3./��+, pn *�*�H�	

�Q#�����S�K*�>�	�IKP!

6:�� n @3 [7] ���OR�������

�*+?�>=34�
IR7� n@3��

N1�*K��=�(?�!���/ HDVIP

�*+�Y@� 50 mV %�
IM�����

n@3)'TU>=�'�	� >�+%3
[10] �

4 APD N+P
	�%&%: (�;�+%��) M ���

��N��<��9�**-%�!7 [24] �

�

M ≡ |I|
I0

(5)

-��I �**-�I0 �.�VU@-����

�-���W APD�����#�MCT/APD

3�$Q�%:R+" [9] �(��S,+�>

=3��'$�LJ�%: [1] �

%�����S 0-�

M =
1

1 −
(

V

V
bd

)m (6)

-�� m �X 2 ∼ 6 �:� [25] ��30��N

pn*�IK	<���@�+ [13] �Z)*+

���%: M XV�� [25] ��- (6) ���1

��/**+* V �DE? V
bd
�X�S�

����)� M > 106 �����A�M > 106 �

�5���)%!&���(S�&����

��� [26]���B��%:#9-GD 

� 104 ∼ 107 �S�)%!&������ [27]

O�� 80 K/MWIR/EAPD �%: M =7000 ��

89�������YS8
 MCT/EAPD �
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%:?
 ∼ 106 �'�O��K%��ZT	F

�)�%:?
 ∼ 103 HI�'�%:� ∼ 103

��GD-*��G ����'&���

�� ∼ 106 �'%:���J� APD ;�

2" APD [28−31] �

�� MCT/EAPD � M �T- (7) A�
[1,7,16,32] �

M = 1 + 22(V −V
th

)/V
th , V

th
= 6.8E

g
(7)

-�� V
th
�<C��:�?�/ V

th
=2 V

� [7] �N- (7) ������� M = ∼ 106 �

*+�� 22 V HI�

%: M �*+ V �1! T �S��W�(

CC6:R+ [33] �1!R+%Q��G	UL

�
"�[>�S���"��%Q����

�9.�1
$� I� M(V, T )S�G?-�

/1! T 	+�� MWIR/EAPD ��� M(V )

�T- (8) A� [32] �

M(V ) =
I

illu
(V ) − I

dark
(V )

I
illu

(V = 0) − I
dark

(V = 0)
(8)

-��I
illu

(V )� I
dark

(V )���**+? V ��

�	@��-�R-Æ I
illu

(V ) � I
dark

(V )

���**+? V = 0 ��	@��-�R

-���**+? V �	�S��M(V )%!

��+-�%� [1] �

/>����������%:�"(

�����(�5�V?�N (LADAR) [31,34−37]

"���NO!#:[���N��� 

� 100 +HI�%:� 150 HI� MCT/APD �

����	" (��*K�%Q��� 20 [36]

∼ 40 �%:��)�
) [18] �

5 MCT/APD N,Q
��GD������GD���GD

�
������GDMI��GD
9=-*

� (9-) GD�U3GD����GDMI8

\TGD
U!GD�1' –C GD��APD

� T��#��M��G#?
 *�D�	

F)�VF���� T�G#��� [22] �

�����	:6&���GD
9-

GD�8\TGD [33] �	FT�������

��)���]U
��������� 1016

s−1 �' [7] �$�GD�A!$N��GDP

+����W���&�� [7] ������

��%:(	�(:[� pn *��	�


PIN ��	���

�����������(XX-�9

-�GD\#���9-���&	GDV�

�
%!���"��3�"
%:(	

(�� APD 	A�����-*) ��=�)D

GD%-*����(�GD�+
��

GD*�9-GD [33] �/	���WV��G

# (SNR) #9-GD\# � 13.7 ��2"B

- MCT/EAPD ��%!&��� [38] �

	F�����(-*�7�)?WHR

�GD�-*��5-*�1'�GD(?%

�
�(��9$�(-*	F?�9 SNR O

�����%Q��	
YW"-*����7

;B&���� APD �(�GD��MI��

�3GD�W��Z]�G# [24] �HR%:

�%���
Z]	+?(E
 APD GD�9

-GD���$��G#	F��^K [10] �

APD ��%:�7���GD;��_G

D�O;���GD�����-*�7��A

?M�*/��_GDX��*/��GDH

%:�%�;��(H%:�%�� SNR �G

?-�KZ�(�GD�� [33] ���	
�X

�+"��������L��

SNR ∝ 1√
F (M)

(9)

-�� F (M) ��_GD9�����>�

:����� k = α
h
/α

e
�:��"J��

� McIntyre !0�#��	� [39] �����

���_GD9� F (M) ����

F (M) = kM +
(

2 − 1
M

)
(1 − k) (10)

-�� α
h
�&/��� (cm−1) � α

e
��

������ APD ��� Q�����

�	������ [33] �30
- (10) �	
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A���&/��� α
h

= 0 ���� k = 0 �

F (M) = 2 − 1/M � U��������

������ F (M) = M ��	:��� α
h

� α
e
������(

2 − 1
M

)
< F (M) ≤ M (11)

2�0�)3*.���_GD9�3� �

��K�� APD JA�	��HC�(UK

-�_GD��_GD9��./3�`X9

��� [11] ��
��_GD -�APD 	F0

JA��3�  ����@-��& *
[10] �(��	�R
Q@��IU*.����

�O��_GD�*����� MCT/EAPD �

$ �*+�'(�GD(�R�K� [18] �

k = 0���%:O;�DGD%: [16] �

$��%:�3JD� [10,40] � SWIR/MCT/

EAPD 
MWIR/MCT/EAPD DGD%:���

!#(0��)3*.�<�B@�@!GA

VBLEY% [14] � 77 K �����*/

G [10,40] �MI SWIR 
 MWIR � LWIR ��

� MCT/EAPD �!$��!$�	 k = 0/APD

�Æ ��3�LJ
��+-5SDE�%:

– ?!$���3��%:D����_GD

9����- (10)���1���	F���

�_GD9��%:���

��'� *+%6&�%:3J#&	

(DE) �%:L�<� [33] �%:L���N@

-�	�>=3�+��-
��S3�

Z�+�?O
Z	Æ (��� α
h
� α

e
K-)

�9>/!O��%? [33] �/�--�R

-�� *+%6&�R- [33] �9$�R

-CC=�)����%:L���' *

+%�N��U!GD���W(�QRR-

$*�

6 0UV

.�&����-����-;�R

-�R-(	�MI4<-
1' – C 

-
3�RE-�9G[^!RE-�a


���A�0-�8�� [1,7]�R-�)

- (R- + �-) HR*+�%*�%!�

�+-��b [32] �R-?%?<YGD�O�

�G#�WR-�GD-CC - [9,41−44] �

�� [40] O�
	� MWIR/HDVIP/EAPD  *

+R-���

	F������R-(	�Æ#9�

)�%[��TUÆ [41−44] ��	��H��

�Y���(_@��!$�(?K� APD �

") [1] �G�D-� 1/f GD�R-(�

B� [44] �(�����G�_@'0Q�>=

30A�G��G�D-�0- [22] �

�<U!GD&M&- (Equivalent Shot

Noise Limited Input Current) I
eq−in

����@R

-9���R-GD [21,42,45,46] � I
eq−in

�

	�$Q�")������.�Z\]	�

�GD���'���GD��KQ�

���0-*�Z\��]	�GD���

I+ I
eq−in

����A�0- [21,42] �

Ieq−in =
i2

dark

2qM2F (M)
≤ i2

dark

2qM2
(12)

-�� M � F ���%:��_GD9��

i
dark
�R-�

7 APD NW-
�� [20,28,34,47–57] 

��	�`�

9!K��8	��6:��#������

����� MCT/APD ����Q�>�	

���*.+- (�(#�*
 HDVIP �) �

MCT/APD �	=Z)ca>�[d%! %

:
 GBW 
��_GD
;$�����9

$J���1!\[�G 1 L�
�����

IW���

8 QRS

��F30��� MCT/EAPD 3� %

:
 ��<K
 NO!
�R-
��_

GD�9;$���!#��������

�\[�MCT/EAPD �0Y%3�%!���

���#&����\] [1] ����K�

86ca>�9]�Z�!����8	R�

�� MCT/EPAD �������I�9��

-^
]\86AX (SBIR) ���^_&��
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1 1 23 MCT/APD 456789:;<=>?

]b/
]c `Y/d `YZee^ ^a _`

[_ab
1 λc = 1.5 p-i-n/EAPD 320×256 `b M < 150 (8 V fc� 90 K) [58]

∼ 1.6 µm a_\ =24 µm cgd� 1 ∼ 100 nAcm−2

hfbg`c (F ) < 1.3

ecaf� > 75%

2 λc = 5.0 µm MBE/p-i-n/EAPD a_\ =30 µm BW=145 MHz (M=5300) [21]

p :ddgi� 3 × 1016 cm−3 GBW=730 GHz (77 K)

n+ :ddgi� 1018 cm−3 F = 1.0 ∼ 1.3

Ieq−in ≈ 2 × 10−13 ∼ 1 × 10−12 A

3 x = 0.3 HDVIP/EAPD/ he 7×7 `b M = 50 (6 V fc� 77 K) [15]

p-around-n/n+-n−-p /d bf&] ^jfcc� M = 100

p :ddgi� 5 × 1016 cm−3 =105×105 µm2 hij_ =1 ns

n− :ddgi� (2 ∼ 4) efa_\ hfbg`c < 2 (k = 0)

×1016 cm−3 =12.5 ∼ 25 µm

4 x = 0.7 khglijc (60 keV, kk&.` =80 µm BW=650 MHz (M=5) [59]

λc = 1.3 µm 1014 cm−2) Aldmae cgd =2 nA (10 V fc)

f n+-n−-p /dg p fh 1.3 µm `?lki ≈ 0.8 AW−1

mddgi� 1016 cm−3 gn ≤ 1 pF (10 V fc)

ecaf� 70 %

kmng� 0.9 ∼ 1.35 µm

5 x = 0.44 p-n−-n+ /b%&/ kk&.` =30 µm BW=1000 MHz (M=5) [60]

λc = 1.6 khglijc (250 keV, cgd =2 µA (10 V fc)

∼ 2.5 µm 1014 cm−2) ef n− ig p 1.3 ∼ 2.5 µm aolki
fhmddgi� 1016 cm−3 ≈ 0.2 AW−1

gn < 1 pF (10 V fc)

ecaf� 50 % ∼ 60 %

6 λc =2.2 µm B HDVIP/EAPD/ je 8×8 `b BW ≤ 400 MHz (77 K) [40]

5 µm B10 µm p-around-n/n+-n−-p a_\ =64 µm M ≥ 1000

6 ∼ 9 µm c p fkn h 10.5 V fcc�?hpiÆ
jjcglddldd cgdoih 5.2 × 10−7 ∼
(∼ 1014 cm−3) ? n− : 1.2 × 10−6 Acm−2 i_lÆ

lhfbg (k = 0) qj
7 λc = 3.54 µm B LPE/n-on-p/EAPD 4×4 `b BW=500 MHz [61]

4.06 µm B me / %o/ ef&] hnpdi (80 K B120 K B
4.23 µm p fiddgi = =250×250 µm2 160 K A 200 K) Ares&

2 × 1016 cm−3 ]coe?h� M ≤ 700

?hpiÆcgdoi
=0.67 µAcm−2 (10 V fc)

8 x = 0.3 LPE/n+-n−-p/ %&/ /pi > 4 µm BW=600 MHz [46]

λc = 5.2 µm p fiddgi M=3500 (12 V fc� 80 K)

=8 × 1015 cm−3 GBW=2.1 THz

hij_ =70 ps

ftq 1D grklsf
9 λc =1.55 µm LPE/MBE/ qmt nbo 16×2 B BW ≥ 100 MHz [62]

32×1 B10×10 g M > 20 (ef APD)

50 µm uekkf M > 10 (nb)

res.`o 50 µm B NEP < 2 nW

100 µm B200 µm rp`c > 80 %

A 300 µm qp < 2 %

cgd ≤ 10 nA

so`hij_ < 10 ns
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10 λc = 5.0 µm MBE/p-i-n/EAPD a_\ =30 µm M = 5300 (12.6 V fc� 80 K) [42]

p fiddgi bg`c F=1 ∼ 1.5

=3 × 1016 cm−3 [_abo 5.1 µm j�?h
piÆcgdoih
1 × 10−7 ∼ 2 × 10−6 Acm−2 i_lÆ

11 λc = 4.06 µm LPE/n-on-p/EAPD 4×4 `b BW=500 MHz (160 K) [32]

me / %&/ ef&] M=648 (11.7 V fc)

p fiddgi =250×250 µm2 ecaf > 90 %

=2 × 1016 cm−3 ?hpiÆcgd < 1 pA

12 x = 0.3 LPE/MBE/n-on-p/EAPD M=2800 ^jcqc M=2800 [47]

λc = 4.8 he/d BW=400 MHz r?hs M=1 lÆv M > 2800

∼ 5.3 µm GBW=1.1 THz j�hij_s 36 ps ?hv 60 ps �
cij_s 700 ps ?hv 876 ps g
qjdi� 77 K

13 x = 0.3 LPE/MBE/p-i-n/EAPD a_\bto NETD=12 mK [34]

λc = 5.0 p fiddgi 15 µm B 30 µm klf� 9.6 pAK−1

∼ 5.3 µm =3 × 1016 cm−3 GBW=1.1 THz (77 K) lfccjkj?h
Ieq−in ≈ 100 fA (M=30)

klj_� 900 ps ∼ 5 ns

14 x = 0.3 (c 2 µm) MBE/p-i-n/APD 320×256/FPA hfbg`c� 1.3 ∼ 2.2 (M ∼ 10) [52]

x = 0.6 (c 1 µm) a_\ =30 µm ecaf� 30 % ∼ 40 %

rts SWIR fb uuvgd� 0.1 ∼ 0.3 mAcm−2

qjdi� 80 ∼ 200 K

15 λc = 4.9 µm MBE/p+-n−-n+/APD res&] R0A ∼ 3 × 106 [53]

Si hm =400×400 µm2 qjdi� 80 K

M ∼ 800 (10 V fc)

hfbg`c� 1 ∼ 1.2

MCT/EAPD Z� [28] ��� LETI/Sofradir �

MCT/EAPD 	�32)���� 2011 ���

8	��&��A�� FPA �� [29] �)�1

	���@!0
%Q����MCT/EAPD L�

��'�
��	�
O�3 [26,27,30,31,35−37,54]

��PJA���PL�
J\
J �"

(�(��6:kI��PJA��O��

�	U�"�9�JQ%ltR-(!

� [7]) �
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